A mobile manipulator is expected to play an important role both in the production process of factory and in a medical care system of welfare business. To come up to this expectation, a mobile manipulator is required to simultaneously track to both the desired position trajectory and force trajectory. These tracking performances are attained by hybrid position/force control. In this paper, we propose a new adaptive control scheme for a mobile manipulator. The proposed adaptive control scheme consists of adaptive tracking control to desired position/force trajectories and robust control for unknown bounded disturbance. Effectiveness of the proposed control scheme is demonstrated by numerical simulation.
INTRODUCTION
A mobile manipulator is a class of mobile robot on which the multi-limk manipulator is mounted. This system is expected to play an important role both in the production process of factory and in a medical care system of welfare business. To come up to this expectation, a mobile manipulator is required to simultaneously track to both the desired position trajectory and force trajectory. However, these tracking performances are subject to nonholonomic and holonomic constraints. Furthermore, mobile manipulators possess complex and strongly coupled dynamics of mobile bases and manipulators. Then, there are very few studies on the problems of stabilization position/force control for mobile manipulators.
In [1] [2] [3] , position and force control methods of mobile robot without manipulators have been addressed. Since in these studies holonomic constraints binding the endeffector of the manipulator on the surface of the work have not been considered, those approaches could not be applied to the position/force control of the mobile manipulators. In [4] [5] [6] , adaptive and robust control approaches have been applied to the position/force control of the mobile manipulators. In these approaches, since the chained form transforms are required, synthesis methods of the control torques and adaptation laws of these approaches are too complicated to apply. On the other hand, we have derived the stabilizing controller for a class of mobile manipulator systems with dynamic uncertainties and external disturbances directly from the reduced order dynamics subject to both the holonomic and nonholonomic constraints in [10] .
In this paper we develop the preceeding results in [10] and propose the stabilization position/force controller for a class of mobile manipulator systems with not only dynamic uncertainties but also kinematic uncertainties. It is guaranteed that the tracking position and force errors to the desired trajectories are asymptotically converged to zero by the proposed control. Usefulness and validity of the proposed control are demonstrated by numerical simulations. Mobile manipulator is shown in Fig.1 .
MODELING OF THE MOBILE MANIPULATOR
T ∈ R n+m be the generalized coordinates of the mobile base, manipulator and whole system, respectively. Then the equations of nonholonomic constraints imposed on the mobile base are written as
Where
The equations of holonomic constraints imposed on the manipulator are given by
Furtheremore, let
Then the equations of motion of the mobile manipulator is written as
Indices {i, j = 1, 2} correspond to decompositions of
The equation (4) has following properties.
Where p 0 ∈ R s denotes unknown parameter vector and Y ∈ R (n+m)×s is called regressor matrix which ia a matrix function of q,q,q.
Let 
Using the suitable selection of f B (q B ), η is specified by forward linear velocity u and angular velocity ω of the mobile base, that is, k = 2 and
T , without loss of generality. Since η corresponds to wheel angular velocity ν B , there exists ϕ such that ν B = ϕη. Therefore eqn. (6) is rewritten aṡ
Furthermore, let
Differntiating (8), substituting it into (4) and multiplying both sides by S T (q B ) from the left, we have
Eqn. (9) has following properties as similar to (4) .
Where p 1 ∈ R r denotes unknown parameter vector and
(k+m)×r is called the regressor matrix which is a matrix function of q,q andq. Furthermore, kinematic uncertainties of the system give the following properties [7, 11] . Property 5:S B (q B )ν B in eqn. (7) can be written as 
Property 6:J
(k+m)×t is known matrix function of the position/force coordinate q, λ M of the whole system, respectively.
Following assumptions are required in (9). Assump.1:There are no unknown parameters in B 1 (q) and detB 1 (q) � = 0 for all q. d 1 and its derivative are bounded and
M 2 ∈ L ∞ and these matrices are all continously differentiable with respect to q and these derivatives are bounded. Assump.3:λ M andλ M are bounded.
HYBRID POSITION/FORCE CONTROL SYSTEM
Let q * be the desired position trajectory, then there exist desired velocity input ν *
Since To specify error dynamics of trajectory tracking system we introduce the reference robot shown in Fig.1 
Reference robot
As similar to the results in [7] , desired velocity inputs
T for trajectory tracking are written as the following.
Where K i > 0, i = 1, 2, 3 and K M 1 are arbitrarily assigned.
For the system (7) the following Lemma is shown in [7] . However, since Lemma1 has not considered kinematic parameter uncertainties, ν Bc cannot be applied to our problem. Therefore, we give the following assumption similar manner to [7] . Assump.5:There exist velocity inputs and adaptive laws:
such that the closed loop system of eqn. (7) is stable at q * B . Furthermore, there exists Lyapunov function V 1 (q B , q * B ,ã) such that the time derivative of V 1 along the closed loop system of (7) with (14) is negative semidefinite. Whereâ is the estimate of an unknown parameter vector a = [a 1 , ..., a k ] T , whichi is composed of θ ij , andã =â − a is the estimated error.
Robust and adaptive control system
In this section we propose the robust and adaptive control laws for hybrid position/force control. To begin with, we introduce filter coordinates in a similar way to [9] as follows. For any constant α 1 we set β M ∈ R m aṡ
WhereĴ M (q,ψ) denotes the Jacobian matrix which is replaced ψ with estimateψ and
Secondly, we set
Finally we introduce variable ρ(t) which satisfies following conditions ([6]).
(1)
Under assumptions from Assump.1 to Assump.5, following theorem is derived. Theorem 1: Applying the following control law and adaptive laws to the mobile manipulator (4) and (5), 
Letting parameter estimation errors bep =p−p andD = D − D, closed loop system can be written as follows.
Outline of the proof of this theorem is shown by the following Lemmas.
We set V 2 as
Differentiating V 2 along (19), we havė
In this computation, we used the relations ∂V1 ∂qŜ β = 0 and:
Furthermore, by using the relation
Since from Assump.5
F (t) and adaptive laws lead the right hand of (22) tȯ
Integrating both side of this inequality and using definition of ρ(t), we have
This shows
Therefore,
From (12) and definitions of ν and ν c ,ν
From definitions we derive following Lemma easily.
Lemma 3:
Lemma 4:
lim 
lim t→∞ e M 1 = 0. Then lim t→∞ e = 0. Fig. 3 Mobile manipulator used for simulations.
SIMULATION

Modeling
Mobile manipulator used for simulation is shown in Fig.3. m B , m W and m 1 , m 2 , m 3 denote masses of base, wheels and manipulator links, respectively. I B ,I W ,I m and I 1 , I 2 , I 3 denote moment of inertia of base, wheel axis, wheel and manipulator links, respectively. These dynamic parameters are unknown.Kinematic parameters are shown in Fig.3 . These parameters are also unknown.
Nonholonomic constraints imposed on this system are written as follows.
On the other hand, holonomic constarint imposed on this system is
This holonomic constraint represents that the endeffector of manipulator is constrained on the ceiling.
Coordinates (θ r , θ l ) are related with forward velocity u and angular velocity ω as �θ
Then (θ r , θ l ) can be eliminated from the equations of motion by using (u, ω) as generalized velocities. θ 2 is also eliminated by using the holonomic constraint. Therefore, kinematic equations (8) T are generated by the reference robot given bẏ
To obtain the mixed straight and curved line, desired ve- Fig.4 shows a desired trajectory and a tracking trajectory. Broken line shows a desired trajectory generated by the reference robot and solid line shows a tracking trajectory of the mobile manipulator. In spite of quite a large initial tracking error, tracking error is converged sufficiently small. Fig.5 and Fig.6 show the trajectory tracking errors of each coordinate and force tracking error, respectively.
DISCUSSION
In this paper, robust adaptive hybrid position/force control scheme has been investigated with kinematic and dynamic uncertainties and disturbances. Proposed controls guarantee that the tracking position errors and force errors are asymptotically converged to zero and all internal signals are bounded. Proof of this performances are completely proceeded by adaptive control techniques. Usefulness of the proposed control scheme has been demonstrated by numerical simulations.
